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Abstract

Pressure (P)–volume (V)–temperature (T) relations of akimotoite (ilmenite structured MgSiO3) have been measured up to
19 GPa and 1373 K in a T-Cup multi-anvil apparatus. Polycrystalline specimens synthesized at 21 GPa and 1723 K were loaded
in a specially designed cell assembly, together with Au or NaCl pressure standard, for synchrotron X-ray diffraction studies.
Two runs were carried out with multiple temperature excursions at various pressures both inside and outside the akimotoite
stability field. At conditions outside the stability field, temperature was kept below 873 K, as previous test runs indicated that
akimotoite back-transformed to enstatite at about 900 K. In order to minimize effects of non-hydrostatic stress on volume and
pressure determination,P–V–T data were collected on cooling cycles from the peak temperature. A total of 134 volume mea-
surements were obtained. Adopting an ambient isothermal bulk modulus (210 GPa) obtained previously using the Brillouin
scattering technique, analysis using the third-order Birch–Murnaghan equation of state yielded pressure derivativeK′

T0 =
5.6(8), with zero-pressure volume of 263.9(2) Å3 for MgSiO3 akimotoite. The high-temperature data were fit to several ther-
mal equations of state to cross-examine consistency among the thermoelastic parameters obtained. Using the data with NaCl as
the pressure standard combined with previous zero-pressure thermal expansion data of [Phys. Chem. Min. 16 (1988) 239], we
obtained(∂KT /∂T)P = −0.040(1) GPa K−1, with a zero-pressure thermal expansionα0 = 2.41(19)×10−5 K−1. The results
were applied to model seismic profiles of the transition zone, in order to examine the effects of akimotoite-forming transitions on
lateral velocity variations. In depths where no phase transformations and chemical heterogeneities are present, hotter and colder
areas relative to a reference geotherm are characterized by similar dlnVS /dlnVP and dlnρ/dlnVS ratios, which are material prop-
erties. The akimotoite–garnet phase transformation, however, skews the ratios because akimotoite has much higher acoustic
velocities than garnet. Thus if the mantle geotherm is close to the transition temperature, anomalous apparent dlnVS /dlnVP and
dlnρ/dlnVS ratios may be observed, which are no longer material properties. Aluminum content plays an important role in defin-
ing the akimotoite–garnet phase boundary relative to the geotherm and lateral Al variations may cause the transition boundary
to fluctuate with depth. Therefore one must be cautious in interpreting seismic tomography observations in the transition zone.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The ilmenite form of MgSiO3, known as akimo-
toite, is stable at pressures between ca. 18 and 25 GPa
and temperatures from∼1100 to 1900 K (Fig. 1) in the
pure MgSiO3 system (Gasparik, 1990). The presence
of iron is reported to lower slightly the transition pres-
sure from akimotoite to perovskite (Ito and Takahashi,
1989). Aluminum plays an important role in the aki-
motoite stability field in that pyrope makes complete
solid solution with the MgSiO3 end-member majorite,
enlarging the garnet field at the expense of that of aki-
motoite both in pressure and temperature.Fig. 2, after
Gasparik (1996), illustrates this effect. Ten mole per-
cent of pyrope in majorite can enlarge the garnet field
and push the garnet–akimotoite phase boundary down-
ward by about 100 K and expand the pressure range by
more than 1 GPa. Thus, depending on temperature and
Al content, akimotoite may be present in certain areas
of the transition zone but absent in others. This will
cause significant lateral variations in seismic veloci-
ties and density and complicate interpretation of seis-
mic tomography observations, as seismically observed
lateral variations will not merely reflect temperature
derivatives even in a chemically homogeneous man-
tle. Clearly, information on thermoelastic properties
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Fig. 1. Phase diagram of the MgSiO3 system, determined from quench experiments (Gasparik, 1990). Superimposed is aP–T path in the
P–V–T measurements (T0150). Due to the high temperature nature of this phase, mostP–V–T data are collected outside the stability field.
Abbreviations: Bt: wadsleyite; St: stishovite; clino: clinoenstatite.

of akimotoite is essential in modeling the effects of
the akimotoite–garnet transformation on seismic pro-
files near the 660 km discontinuity. To this end, we
report here the thermal equation of state of akimotoite
obtained using synchrotron X-ray diffraction. Based
on these new data, we then model the effects of the
garnet–akimotoite transition on the seismic structure
in the transition zone.

2. Experimental procedure

Pure MgSiO3 akimotoite samples were synthesized
using a glass starting material in the 2000 ton uniax-
ial split-sphere apparatus (USSA-2000) at the Stony
Brook High Pressure Laboratory at 21 GPa and 1773 K
for 1 h. Initially in this project, a specially designed
P–T path was followed in order to obtain well-sintered
polycrystalline samples free of residual stress. This
technique has proven to improve data quality signifi-
cantly inP–V–T measurements (e.g., seeWang et al.,
1998). However, all samples recovered were flaky and
easily disintegrated during handling, likely due to the
narrow metastability field of akimotoite at modest tem-
peratures, and decompression at modestly elevated
temperatures caused akimotoite to partially transform
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Fig. 2. Stability field of akimotoite and effects of Al on the
garnet–akimotoite transformation (afterGasparik, 1996). Phases
are identified with abbreviations: Il: akimotite, Gt: garnet; Sp: ring-
woodite; Bt: wadsleyite; St: stishovite; CaPv: CaSiO3 perovskite;
MgPv: MgSiO3 perovskite; 2Pv: CaPv and MgPv; Mw: magne-
siowustite. Thin tie lines indicate pyrope content in garnet (e.g.,
40 means 40 mol% pyrope). Longdashed lines indicate bound-
ries between wadsleyite and ringwoodite at low pressures, and
ringwoodite and MgPv plus Mw at high pressures. Three mantle
geotherms are examined in forward modeling (see text), all with
a thermal gradient of 0.35 K km−1.

into lower pressure phases. Therefore, all samples used
in this study were recovered by quenching, rather than
decompression at some elevated temperatures.

P–V–T equation of state measurements were car-
ried out using the GeoSoilEnviroCARS large-volume
press (LVP) facility at the Advanced Photon Source.
All experiments were carried out using the 250 t
large-volume press (Wang et al., 2000) in the Bending
Magnet station 13-BM-D (seeRivers et al., 1998).
We used the T-cup apparatus with 10 mm WC cubic
anvils to generate high pressures. Anvil truncation
edge length was 2.0 mm and the octahedral sample

assembly had an edge length of 7.0 mm. Details of
the cell assembly are given in (Uchida et al., 2001).
Energy-dispersive diffraction technique was used at
a fixed 2θ around 6◦. Akimotoite samples were cut
into small disks, 1 mm in diameter and 0.5 mm thick,
and loaded in one half of the sample chamber, with
the other half filled with a homogeneous mixture of
pressure standards, either NaCl+ BN or Au + MgO,
to minimize grain growth at high temperatures. The
tungsten–rhenium thermocouple junction was located
at the sample-standard interface so that temperature
readings represented true conditions in the sample
and in the pressure standard. No attempt was made to
correct for pressure effects on the thermocouple emf.

Carefully designedP–T paths were followed in or-
der to obtain volume measurements at a wide range of
pressure and temperature conditions and to minimize
effects of non-hydrostatic stress (Wang et al., 1998).
Because of limited stability field of akimotoite, tem-
perature must be kept either low enough to keep the
sample metastable, or high enough to be inside the sta-
bility field. Several initial attempts at measuring equa-
tion of state failed because the sample transformed
into the low-pressure enstatite phase at temperatures
as low as 900 K below 19 GPa. Therefore, when pres-
sures were outside the stability field, the volume mea-
surements were restricted to below 873 K.

Fig. 1 shows a typicalP–T path in these experi-
ments. Temperature was raised slowly at a constant
load (150 t) to 973 K and then quickly increased to
1373 K within a few seconds. This procedure pre-
vented the possibility of breakdown of akimotoite
to the two-phase assemblage of ringwoodite and
stishovite. As temperature was increased, pressure
decreased (seeP–T path inFig. 1), so that at 1373 K,
a pressure of 17.1 GPa was measured at the same ram
load. Akimotoite remained stable at this condition,
indicating that it was within the stability field. The
diffraction pattern obtained under this condition is
shown in Fig. 3. Diffraction lines are well defined
and the relative intensities indicate that no significant
grain growth occurred. Temperature was then de-
creased rapidly to 973 K. Volumes of the sample and
the pressure standards were determined at 100 K in-
tervals until room temperature was reached, at which
point the load was decreased to the next pressure level
and the heating cycle repeated. About 8–10 cycles
were conducted in each run. Diffraction spectra taken
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Fig. 3. An X-ray diffraction pattern of akimotoite obtained at 17.1 GPa and 1373 K. All visible peaks are labeled. Peaks of the MgO
sample container are also identified. Although the MgO (2 0 0) reflection interferes with the akimotorite (1 1 3), up to 10 sample peaks
are resolved. Also note that even at this peak temperature, no significant preferred grain growth has occurred; relative intensities remain
unchanged throughout the experiment.

after the samples were recovered at ambient condi-
tions showed no evidence of back transformation and
the cell volumes were consistent with those obtained
prior to the P–V–T cycle. Throughout, volume data
collection was performed only on cooling cycles from
the maximum temperature, in order to reduce effects
of non-hydrostatic stress (Wang et al., 1998).

The low stability pressure for akimotoite at 1373 K
is inconsistent with the phase relation data determined
in previous quench experiments (e.g.,Gasparik, 1990),
but in general agreement with in situ X-ray diffrac-
tion studies (Irifune et al., 1998). The inconsistency
between quench studies using fixed points and in situ
experiments with diffraction pressure standards is cur-
rently a debated issue. Discrepancies also exist among
various diffraction pressure scales, even when the
same standard material is used. For example,Brown
(1999)proposed to revise the Decker’s NaCl pressure
scale. There is more disagreement as to which Au
pressure scale is the most appropriate (Jamieson et al.,
1982; Heinz and Jeanloz, 1984; Anderson et al., 1989;
Ono et al., 2001; Shim et al., 2002). At this stage,
we prefer to adopt the most widely used equations
of state (i.e.,Decker, 1971for NaCl andAnderson

et al., 1989for gold) so that our results can be directly
compared with theP–V–T datasets accumulated over
the past few decades. Realizing the potential incon-
sistency among different pressure standards, our data
were analyzed independently using NaCl and Au.

We also monitored the width of the diffraction
peaks and used this parameter as an indication of stress
relaxation. Even after heating to 1373 K, diffraction
peaks of akimotoite were still about 10% broader then
those observed at ambient conditions. The widths
of the NaCl and Au diffraction peaks, on the other
hand, became comparable to their ambient counter-
parts. The low temperature range madeP–V–T data
quality control difficult, as unwanted non-hydrostatic
stresses could not be completely removed at these
temperatures.

3. Results

3.1. P–V–T equation of state

A total of about 180 data points were obtained
from two runs, one using NaCl, the other Au as the
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Fig. 4. Room temperature compression data of akimotoite. Open circles data from run T0133 (Au pressure marker) and solid circles from
run T0150 (NaCl pressure marker). Solid curve is the third-order Birch–Murnaghan equation of state fit to data from T0150 only, which
adopts the bulk modulus from the Brillouin scattering data (Weidner and Ito, 1985). Superimposed areReynard et al. (1996)data, which,
above 12 GPa, show larger errors and overestimate in the cell volume, indicative of the presence of non-hydrostatic stress.

pressure marker. Of those, 134 were obtained after
stress relaxation by cooling from high temperatures
and therefore could be used in extracting equation of
state parameters (Tables 1 and 2). Fig. 4 summarizes
the volume data at room temperature. The third-order
Birch–Murnaghan equation of state was used to fit
these data, with the ambient volume,V0, treated as
a free parameter. Due to the limited pressure range
in our dataset,KT 0 and K′

T0 could not be simulta-
neously determined with satisfying accuracy, because
of the well-known trade-off among the three parame-
tersKT 0, K′

T0 andV0. We therefore adopted the adi-
abatic bulk modulus (KS0) determined from Brillouin
scattering measurements (Weidner and Ito, 1985) with
an isothermal correction. WithKT 0 fixed at 210 GPa,
the fits yieldedK′

T0 = 4.8(5) andV0 = 264.2(2) Å3

for run T0133 (Au scale) andK′
T0 = 5.6(8) and

V0 = 263.9(2) Å3 for run T0150 (NaCl scale). Al-
though the two fits agreed with each other within the
uncertainties, there was some indication that data ob-
tained using Au as the pressure marker were affected
by nonhydrostatic stress, especially at low tempera-
tures (seeSection 4on c/a ratio that follows). As gold
has an exceptionally large ratio ofKT /µ, (µ being the

shear modulus), non-hydrostatic stress could signifi-
cantly affect pressure determinations, as discussed by
Weidner et al. (1992). Because of these concerns, we
believed that results based on data from T0150 (NaCl)
were more reliable and used only those data in subse-
quent analyses. TheK′

T0 value from run T0150 is also
in excellent agreement with a previous roomtemper-
ature diamond-anvil cell determination [5.6(10)] re-
ported byReynard et al. (1996). Our refinedV0 value,
on the other hand, is about 0.6% higher than their re-
sults, presumably due to systematic errors in the two
experiments.

To analyze the high temperature data using the high
temperature Birch–Murnaghan equation of state, we
adopted the zero-pressure thermal expansion data from
Ashida et al. (1988). A fit to their data yielded a con-
stant ambient thermal expansionα0 = 2.48(16) ×
10−5 K−1. No information on temperature dependence
of thermal expansion could be extracted from their
data from 298 to 876 K, because of the relatively large
scatter (Fig. 5). High-temperature Birch–Murnaghan
fit to data from T0133 (Au scale) using fixedKT0 =
210 GPa andK′

T0 = 4.8(5) gave an unusually large
negative(∂KT0/∂T)P = −0.0553(24) GPa K−1 and
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Table 1
P–V–T data obtained from run T0133. Pressures determined from the Au equation of state (Anderson et al., 1989)

Temperature (K) Pressure (GPa) a (Å) c (Å) V (Å3) c/a

298 0.00 4.746(5) 13.511(21) 263.59(45) 2.8468(44)
573 17.85 4.651(2) 13.148(12) 246.29(17) 2.8270(26)
773 17.48 4.669(9) 13.136(33) 248.02(57) 2.8132(70)
673 17.06 4.663(12) 13.154(41) 247.67(79) 2.8211(88)
573 16.77 4.663(10) 13.142(34) 247.51(65) 2.8180(72)
473 16.54 4.665(14) 13.120(47) 247.24(92) 2.8124(102)
373 16.18 4.665(18) 13.115(58) 247.18(113) 2.8112(125)
298 16.20 4.665(16) 13.119(54) 247.21(105) 2.8125(117)
573 16.55 4.669(6) 13.135(18) 247.97(36) 2.8133(40)
773 17.05 4.669(11) 13.128(36) 247.88(70) 2.8114(78)
673 16.73 4.668(15) 13.128(49) 247.74(95) 2.8125(105)
573 16.53 4.668(14) 13.131(47) 247.74(91) 2.8132(101)
473 16.26 4.667(13) 13.122(43) 247.51(84) 2.8119(93)
373 16.05 4.669(9) 13.10(29) 247.50(57) 2.8077(62)
298 15.92 4.669(9) 13.107(29) 247.41(57) 2.8074(62)
573 16.08 4.700(11) 13.142(36) 248.17(69) 2.8143(76)
773 16.57 4.671(8) 13.159(26) 248.62(50) 2.8174(56)
673 16.31 4.671(9) 13.158(29) 248.67(56) 2.8166(62)
573 16.06 4.671(10) 13.151(33) 248.484(63) 2.8156(70)
473 15.87 4.670(10) 13.149(34) 248.35(66) 2.8157(73)
373 15.51 4.671(8) 13.140(26) 248.27(50) 2.8131(55)
298 15.37 4.668(10) 13.149(34) 248.13(66) 2.8169(73)
573 15.47 4.679(3) 13.142(11) 249.18(17) 2.8087(24)
773 15.94 4.678(1) 13.161(4) 249.39(6) 2.8135(8)
673 15.66 4.675(4) 13.165(16) 249.18(24) 2.8161(34)
573 15.40 4.6738(4) 13.160(15) 248.96(23) 2.8157(33)
473 15.14 4.674(4) 13.149(14) 248.82(22) 2.8130(31)
373 14.9 4.676(2) 13.143(7) 248.85(10) 2.8107(15)
298 14.85 4.678(1) 13.140(3) 248.89(5) 2.8091(7)
573 14.22 4.678(3) 13.201(11) 250.21(21) 2.8219(24)
773 14.62 4.683(3) 13.195(11) 250.60(22) 2.8175(24)
673 14.40 4.677(6) 13.199(27) 250.06(51) 2.8219(57)
573 14.09 4.676(6) 13.190(28) 249.76(53) 2.8208(59)
473 13.84 4.677(6) 13.182(25) 249.71(49) 2.8186(54)
373 13.64 4.678(5) 13.179(21) 249.75(41) 2.8173(46)
298 13.54 4.676(5) 13.184(23) 249.64(44) 2.8196(49)
573 12.98 4.683(5) 13.226(21) 251.22(41) 2.8240(45)
773 13.33 4.688(5) 13.231(20) 251.78(39) 2.8226(43)
673 13.09 4.688(4) 13.217(19) 251.57(36) 2.8194(40)
573 12.87 4.687(4) 13.212(15) 251.34(30) 2.8190(33)
473 12.64 4.687(5) 13.216(20) 251.42(38) 2.8197(42)
373 12.44 4.683(6) 13.216(28) 251.00(54) 2.8222(60)
298 12.29 4.682(6) 13.214(23) 250.88(53) 2.8221(50)
573 11.76 4.687(2) 13.257(9) 252.19(17) 2.8287(19)
773 12.07 4.691(1) 13.272(2) 252.89(5) 2.8295(5)
673 11.79 4.695(1) 13.257(5) 253.03(9) 2.8238(10)
573 11.46 4.691(1) 13.256(3) 252.66(6) 2.8258(7)
473 11.20 4.689(1) 13.256(2) 252.46(5) 2.8269(5)
373 10.92 4.689(3) 13.250(9) 252.33(18) 2.8257(20)
298 10.67 4.689(1) 13.249(5) 252.24(10) 2.8258(11)
573 10.22 4.699(2) 13.295(9) 254.21(17) 2.8295(18)
773 10.58 4.702(3) 13.311(12) 254.84(28) 2.8312(26)
673 10.30 4.701(4) 13.306(17) 254.63(33) 2.8306(37)
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Table 1 (Continued )

Temperature (K) Pressure (GPa) a (Å) c (Å) V (Å3) c/a

573 9.99 4.699(4) 13.304(18) 254.47(36) 2.8310(39)
473 9.67 4.698(5) 13.299(20) 254.22(39) 2.8308(43)
373 9.36 4.695(6) 13.305(27) 253.93(52) 2.8341(58)
298 9.12 4.698(4) 13.295(17) 254.11(34) 2.8300(37)
573 8.61 4.708(6) 13.333(20) 255.92(38) 2.8319(42)
773 8.95 4.712(11) 13.351(40) 256.667(66) 2.8336(86)
673 8.71 4.715(1) 13.326(5) 256.61(9) 2.8260(11)
573 8.32 4.7156(4) 13.315(2) 256.412(4) 2.8236(4)
473 8.03 4.716(1) 13.308(6) 256.37(10) 2.8215(12)
373 7.74 4.713(1) 13.310(5) 256.02(9) 2.8241(11)
298 7.44 4.712(1) 13.312(6) 255.99(11) 2.8249(13)
573 7.03 4.720(3) 13.364(15) 257.87(28) 2.8311(31)
773 7.50 4.718(7) 13.400(20) 258.32(48) 2.8401(43)
673 7.10 4.721(4) 13.394(16) 258.50(31) 2.8372(34)
573 6.76 4.723(2) 13.378(9) 258.42(17) 2.8325(19)
473 6.41 4.720(4) 13.378(17) 258.12(34) 2.8344(37)
373 6.07 4.719(4) 13.373(16) 257.99(32) 2.8338(35)
298 5.79 4.716(5) 13.379(20) 257.73(39) 2.8468(44)
573 5.29 4.733(5) 13.406(20) 260.13(46) 2.8270(26)
673 5.42 4.732(6) 13.433(24) 260.34(55) 2.8132(70)
573 5.08 4.7311(6) 13.421(23) 260.16(52) 2.8211(88)
473 4.70 4.732(6) 13.409(22) 260.07(51) 2.8181(72)
373 4.38 4.730(7) 13.406(25) 259.73(58) 2.8124(102)
298 4.12 4.729(7) 13.402(25) 259.58(56) 2.8112(13)
298 0.00 4.744(11) 13.566(49) 264.46(94) 2.8125(12)

Only the quasi-hydrostatic data are given.

V0 = 264.26(6) Å3, with α0 = 2.48× 10−5 K−1 as
zero-pressure constraint. On the other hand, a fit to the
combined dataset of T0150 (NaCl scale) plus Ashida
et al. data yielded(∂KT0/∂T)P = −0.040(1) GPa K−1

and α0 = 2.41(9) × 10−5 K−1, with a fixedK′
T0 =

5.6(8). Fig. 6 shows the fit to the high temperature
data in run T0150. In both fits we scaled the Ashida
et al. data according our ambient cell volume to re-
move systematic errors.

We also examined the data using the approach de-
tailed by Jackson and Rigden (1996), based on the
Mie–Gruneisen–Debye (MGD) equation of state. The
MGD equation of state fit (Fig. 7) to the PVT data
using NaCl as the pressure standard, combined with
Ashida et al.’s ambient pressure measurements (again
scaled according to the fitted ambient volumes),
yielded an ambient Gruneisen parameter of 1.54(5),
with an rms misfit of 0.33 GPa, for a total of 71 data
points.

The room pressure thermal expansivity extracted
from the MGD fit increases with temperature from

1.5× 10−5 K−1 at 300 K to 2.8×10−5 K−1 at 2000 K.
Over the entire temperature range, the thermal expan-
sion can be fit with the following functional form:

α = a + b T − c T−2

with a = 2.047(5) × 10−5 K−1, b = 4.00(3) ×
10−9 K−2, and c = 0.647(7). This fit (Fig. 5) is
marginally consistent with the measurements. The
extracted (∂KT 0/∂T)P values decrease slightly with
temperature, from−0.020 at 300 K to−0.026 GP K−1

at 2000 K.
Based on their Raman spectroscopy data,Reynard

and Rubie (1996)argued that MgSiO3 akimo-
toite has a quasi-harmonic behavior. Thus above
the Debye temperature, the temperature depen-
dence in thermal expansion may be approximated
as (∂α/∂T)P = δT α2 (Anderson, 1995). Assuming
that δT = K′

T0 = 5.6 (Anderson, 1995), we have,
at ambient pressure,(∂α/∂T)P = 3.3 × 10−9 K−2.
Assuming this temperature dependence in the room
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Table 2
P–V–T data obtained from run T0150. Pressures are measured using the NaCl equation of state (Decker, 1971)

Temperature (K) Pressure (GPa) a (Å) c (Å) V (Å3) c/a

298 0 4.736(2) 13.550(13) 263.22(27) 2.8609(43)
673 18.336 4.663(3) 13.110(11) 246.89(18) 2.8114(42)
873 18.332 4.670(2) 13.128(7) 247.59(12) 2.8108(28)
773 18.159 4.666(1) 13.136(5) 247.72(10) 2.8150(17)
673 17.854 4.666(2) 13.129(6) 247.54(9) 2.8139(22)
573 17.604 4.660(3) 13.135(10) 247.00(16) 2.8187(38)
473 17.41 4.661(2) 13.122(6) 246.91(10) 2.8151(23)
373 17.196 4.658(2) 13.123(6) 246.60(10) 2.8171(24)
298 17.044 4.659(1) 13.118(5) 246.60(8) 2.8157(19)
1373 17.112 4.671(2) 13.233(6) 249.99(17) 2.8334(23)
973 16.251 4.6652(8) 13.228(2) 249.32(5) 2.8354(9)
873 16.082 4.6641(7) 13.224(3) 249.13(6) 2.8353(11)
773 15.911 4.662(2) 13.219(6) 248.85(9) 2.8352(22)
673 15.589 4.661(2) 13.218(6) 248.67(10) 2.8359(24)
573 15.452 4.660(1) 13.214(5) 248.47(8) 2.8359(18)
473 15.476 4.658(2) 13.214(6) 248.25(9) 2.8372(22)
373 15.286 4.6564(7) 13.211(3) 248.07(4) 2.8373(10)
298 15.154 4.656(1) 13.207(4) 247.95(6) 2.8365(15)
573 14.953 4.664(2) 13.231(6) 249.21(10) 2.8371(23)
873 15.421 4.669(2) 13.238(6) 249.89(9) 2.8355(22)
773 15.392 4.666(1) 13.237(5) 249.56(8) 2.8370(19)
573 14.199 4.666(2) 13.250(7) 249.86(11) 2.8394(26)
473 14.2 4.6662(8) 13.243(3) 249.70(4) 2.8380(11)
373 14.086 4.6660(4) 13.235(2) 249.54(3) 2.8365(6)
298 13.974 4.6639(9) 13.242(4) 249.46(7) 2.8393(15)
773 13.31 4.678(1) 13.281(4) 251.68(7) 2.8391(16)
673 13.174 4.6764(9) 13.28(3) 251.50(5) 2.8398(13)
573 12.986 4.673(1) 13.279(4) 251.13(7) 2.8416(17)
473 12.776 4.6742(7) 13.271(2) 251.10(4) 2.8393(9)
373 12.667 4.672(2) 13.270(6) 250.89(9) 2.8401(22)
298 12.504 4.675(1) 13.261(4) 250.94(7) 2.8368(17)
773 12.102 4.686(2) 13.311(6) 253.12(10) 2.8406(23)
673 11.992 4.685(1) 13.307(4) 252.92(6) 2.8405(14)
573 11.836 4.6816(6) 13.308(2) 252.60(4) 2.8426(9)
473 11.62 4.680(2) 13.303(6) 252.34(9) 2.8424(21)
373 11.375 4.678(1) 13.304(4) 252.13(6) 2.8440(14)
298 11.213 4.6790(5) 13.298(2) 252.12(3) 2.8420(7)
773 10.312 4.6928(3) 13.355(1) 254.70(2) 2.8458(4)
673 10.122 4.6914(5) 13.351(2) 254.47(3) 2.8458(7)
573 9.94 4.6902(3) 13.348(1) 254.29(2) 2.8459(4)
473 9.762 4.6878(2) 13.3465(9) 254.01(1) 2.8470(3)
373 9.561 4.6878(5) 13.338(2) 253.85(3) 2.8453(7)
298 9.425 4.69185(3) 13.3251(1) 254.03(3) 2.8401(1)
773 8.237 4.702(1) 13.406(5) 256.71(8) 2.8509(20)
673 7.98 4.702(1) 13.397(4) 256.56(7) 2.8489(16)
573 7.825 4.703(1) 13.391(4) 256.50(7) 2.8472(17)
473 7.588 4.6999(9) 13.391(3) 256.16(6) 2.8493(13)
373 7.411 4.6997(8) 13.385(3) 256.04(5) 2.8482(10)
298 7.273 4.7001(10) 13.380(4) 255.99(6) 2.8468(15)
773 6.213 4.7132(11) 13.438(4) 258.57(5) 2.8512(15)
673 5.974 4.7137(5) 13.438(2) 258.42(5) 2.8508(7)
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Table 2 (Continued )

Temperature (K) Pressure (GPa) a (Å) c (Å) V (Å3) c/a

573 5.836 4.7113(6) 13.429(3) 258.13(5) 2.8503(9)
473 5.612 4.7100(8) 13.425(3) 257.93(6) 2.8503(11)
373 5.435 4.7092(10) 13.419(4) 257.72(8) 2.8496(14)
298 5.283 4.7089(2) 13.4202(8) 257.71(2) 2.8500(3)
298 −0.05 4.7347(15) 13.576(6) 263.57(9) 2.8673(22)

Only the quasi-hydrostatic data are given.

pressure thermal expansion, the Ashida et al. data can
be refitted in the formα = a + bT, with b fixed as
3.3 × 10−9 K−2, yielding a = 2.32(8) × 10−5 K−1.
This fit is indistinguishable from the constant ther-
mal expansion fit (Fig. 5) over the temperature range
where volume measurements are available. There-
fore, the overall temperature dependence in the
zero-pressure thermal expansion cannot be reliably
constrained.

3.2. Anisotropy

Akimotoite is isostructural with ilmenite (FeTiO3),
a derivative of the NiAs structure in which the oxy-

HTBM fit:
KT0=210 GPa, KT0'=5.6

α 0=2.41(19)x10-5 K-1

(dKT/dT)P=-0.040(1) GPa K-1
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Fig. 5. P–V–T data based on NaCl pressure scale (T0150) for akimotoite with the high temperature Birch–Murnaghan (HTBM) equation
of state fit. Curves are isothermal volumes at (from bottom upwards) 300, 373, 473, 573, 673, 773, 873, and 1373 K, respectively.
Room-pressure volume data are fromAshida et al. (1988), scaled according to zero-pressure volume to remove systematic differences
between the two dataset.

gen ions are approximately hexagonally close packed
and the cations occupy octahedral sites. The SiO6 and
MgO6 octahedral sites form layers that lie halfway
between the close packed oxygen layers. The cations
are completely ordered such that each layer con-
tains all Mg or all Si, alternating so that the closest
pairs of ions are always Mg–Si (Horiuchi et al.,
1982). These octahedral layers have two thirds of
the octahedral sites filled, and each filled octahe-
dron shares a face with another in the layer above or
below.

Our data show that linear compressibility along the
c-axis is about 1.5 times that along thea-axis for
MgSiO3 akimotoite. This property can be understood
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Fig. 6. Room-pressure volume data obtained byAshida et al. (1988), with various fits as discussed in the text. Solid line is a linear fit
to the data, yielding a constant thermal expansion of 2.44× 10−5 K−1; long dashed curve is a fit by imposing a constant temperature
dependence in thermal expansion of 3× 10−9 K−2. Both fits are solely based on the roompressure data shown in the figure. Dotted curve
is from the MGD equation of state fit, which is based on both the room-pressure data ofAshida et al. (1988)and our currentP–V–T data
(NaCl pressure scale only). For direct comparison, all fits are based on the ambient volumeV0 according to Ashida et al.’s data, which is
slightly lower than value obtained in the current work.
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Fig. 7. Mie–Gruneisen–Debye equation of state fit to the combined data set of ourP–V–T data (open symbols) and Ashida et al.’s
room-pressure data (solid circles). The Ashida et al. data show somewhat higher temperature dependence in the thermal pressure. Solid
curve is the MGD equation of state fit. No pressure dependence in thermal pressure can be reliably resolved.
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Fig. 8. c/a ratio as a function of pressure for akimotoite. Open symbols data from T0150 (circles; NaCl pressure scale) and T0133 (squares;
Au pressure scale). Solid circles data fromReynard et al. (1996)in the diamond cell.

from the stacking of the MgO6 and SiO6 octahedral
layers in thec direction. Because MgO6 octahedra are
more compressible than SiO6, compressibility along
thec-axis is dominated by that of MgO6. On the other
hand, compression in any direction perpendicular to
thec-axis is dominated by that of SiO6.

Such anisotropy results in a negative dependence
on pressure for thec/a ratio, shown inFig. 8, which
includes data at all temperatures. No clear tempera-
ture dependence was observed. A discontinuity can be
seen in the data from run T0150 near 17 GPa. TheP–T
paths for both runs T0133 and T0150 were such that
data collection started from the highest pressure point,
after heating to certain temperatures (Fig. 1). It is
likely that at pressures above 17 GPa, non-hydrostatic
stresses were not completely removed by heating to a
maximum temperature of 873 K. Only when the sam-
ple was heated to 1373 K (datum point indicated by the
vertical arrow), did we effectively remove most of the
non-hydrostatic stress, hence the jump in thec/a ratio.
This interpretation is supported by thec/a ratios ob-
served in the dataset using Au as the pressure standard
(run T0133): because the temperatures were limited to
below 873 K throughout the run, no discontinuity in
the c/a ratio was observed, and the high pressurec/a

ratios were consistent with those “non-hydrostatic”
points in run T0150 above 17 GPa (Fig. 8). Even at
pressures below 17 GPa, thec/a ratios remained lower
than the hydrostatic data in run T0150, until the pres-
sure was fully released, where thec/a ratio returned to
a value (horizontal arrow) consistent with the ambient
measurement in run T0150. A linear regression on the
T0150 datasetafter heating to 1373 K (at all temper-
atures) results in the following pressure dependence:

c/a = 2.866− 1.921× 10−3 P (GPa) (r2 = 0.84)

Clearly, some of the scatter is due to temperature. If
only the room temperature data (after annealing) are
used, the following very similar fit is obtained:

c/a = 2.863− 1.917× 10−3 P (GPa) (r2 = 0.90)

Reynard et al. (1996)measured the room temperature
compression of MgSiO3 akimotoite to 25 GPa, using
a diamond-anvil cell with pure H2O as the pressure
medium. These authors claimed that their experimen-
tal conditions were quasi-hydrostatic up to 15 GPa,
above which the condition degraded considerably in
the diamond-anvil cell, as indicated by the broadening
of the ruby fluorescence lines. Indeed, theirc/a ratios
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(solid circles,Fig. 8) show excellent agreement with
our hydrostatic measurements below 15 GPa, above
which the pressure dependence appears to change and
becomes more consistent with our non-hydrostatic
values. TheirP–V data (Fig. 4) above∼12 GPa also
have a slight yet systematic shift upwards, with gen-
erally larger errors than the low pressure data. All
these observations support the notion that, in our ex-
periments, only thec/a ratios measured in run T0150,
after heating to1373 K, reflect true pressure depen-
dence. These observations also lend support to our
approach of usingP–V–T data in run T0150 alone to
obtain thermoelastic parameters for MgSiO3 akimo-
toite, as Run T0133 was limited to lower temperatures
and likely affected by non-hydrostatic stresses.

4. Discussion and conclusions

Table 3 contrasts thermoelastic properties of gar-
net and akimotoite. MgSiO3 akimotoite has much
higher bulk and shear moduli than those of garnet by
31 and 47%, respectively. On the other hand, phase
relation data (Fig. 2) show that garnet will be the
dominate phase in the transition zone if (1) the man-
tle temperature is high, or (2) the mantle is rich in
Al, or (3) the mantle has a high pyroxene-normative
component (i.e., high Si/Mg ratio). Therefore the
akimotoite–garnet transformation may have a signif-
icant seismic signature. The new data on akimotoite
allow us to examine semiquantitatively the effects of
the garnet–akimotoite phase transformation on veloc-
ity and density structures near the 660 km seismic
discontinuity. Here we are not attempting to perform
detailed analysis on radial (average) seismic profiles.
Many papers have been devoted to this analysis with
varying conclusions (e.g.,Duffy and Anderson, 1989;

Table 4
A comparison of thermoelastic properties between garnet and aki-
motoite

Property Garnet Akimotoite Contrast (%)

ρ (g cc−1) 3.6 3.8 5.6
KT 0 (GPa) 160 210 31.3
K′

T0 5 5.1 2.0
µ0 (GPa) 90 132 46.7
µ′

0 2 1.5 (?)

Ita and Stixrude, 1992; Zhao et al., 1995;Vacher et al.,
1998). Instead, we calculate directly the density and
velocity profiles of certain mantle composition mod-
els based on mineral physics data alone. Our goal is to
examine effects of akimotoite formation under the in-
fluence of three variables, mantle temperature, Si/Mg
ratio, and Al content, in order to evaluate effects of
temperature and Al content on lateral variations in
seismic velocities and density.

Volume-related thermoelastic properties are now
available for essentially all major high pressure min-
erals relevant to the transition zone. The data es-
sential for the modeling presented here are given
by Table 1 inWeidner and Wang (1998), except for
akimotoite, which are from this study. The phase re-
lation information (Fig. 2) is from Gasparik (1996).
Note that Gasparik’s results were for the Fe-free,
Ca–Mg–Al–Si–O system. Although effects of Fe on
the olivine system are relatively well known (and
slight modifications have been made inFig. 2 to
reflect these), they are poorly understood for the py-
roxene system. Nonetheless, for our purposes, some
semi-quantitative conclusions can be drawn without
detailed phase equilibrium data. We use an approach
similar to that described byWeidner and Wang (1998,
2000)to model the seismic profiles between 500 and
700 km depths.

We examine two commonly referred-to mantle
composition models, the pyrolite and the C1 model
(e.g., seeMcDonough and Sun, 1995), whose simpli-
fied molar and atomic elemental concentrations have
been tabulated and given by Table 3 inWeidner and
Wang (1998). We first calculate volume fractions of
the phases present under transition zone pressures
along the three geotherms shown inFig. 2, all of
which have the same adiabatic thermal gradient of
0.35 K km−1. Throughout this discussion, the “cold”
geotherm is anchored at 1473 K at 500 km depth,
“warm” at 1673 K and “hot” at 1873 K. The resultant
volume fractions of the relevant phases are shown in
Fig. 9 for C1 and 10 for pyrolite, respectively.

Along the cold geotherm, the C1 mantle has as
much as 40% akimotoite by volume, spreading over a
100 km depth interval between 550 and 650 km, where
the garnet volume fraction tumbles from 65 to 25%
(Fig. 9A). This is due to the fact that C1 is rich in Si;
hence at low temperatures akimotoite dominates the
system. In a warm mantle, the maximum akimotoite
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Fig. 9. Volume fractions of stable phases in the C1 composition along three geotherms. Abbreviations: CaPv: CaSiO3 perovskite; MgPv:
(Mg,Fe)SiO3 perovskite; Akmt: akimotoite, Rgwd: ringwoodite, Mw: magnesiowustite, Grnt: garnet. Note varying amounts of akimotoite
and associated garnet volume fractions along the cold and warm geotherms.

volume fraction is reduced to 20%, and restricted to a
much narrower,∼30 km, depth interval (Fig. 9B). No
akimotoite is present in a hot mantle (Fig. 9C).

For the pyrolite mantle, which has a lower Si/Mg
ratio than that of C1, the maximum akimotoite volume
is about 10% in the cold mantle, and spread over about

70 km depths (Fig. 10A). In both warm and hot py-
rolite mantles, akimotoite is absent (Fig. 10B and C).
Also note that garnet volume fractions increase with
depth in the hot mantle (Fig. 10C), in order to satisfy
the required equilibrium Al/Si ratios in perovskite and
garnet. The large amount of MgSiO3 contributed by
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Fig. 10. Volume fractions of stable phases in the pyrolite composition along three geotherms. Same phase abbreviations as inFig. 9. Note
varying amounts of akimotoite and associated garnet volume fractions along the cold geotherm. Also note increasing garnet and decreasing
ringwoodite volume fractions along the hot geotherm (see text for discussion).

the ringwoodite breakdown demands that Al be added
to perovskite and the only Al source is garnet. Thus,
some garnet is forced to transform to perovskite at
the ringwoodite breakdown boundary (Weidner and
Wang, 1998).

In both mantle composition models, the presence of
akimotoite is at the cost of reducing the garnet vol-
ume fraction. Because of the large contrast in elastic
properties between the two phases, velocity profiles
can be dramatically different (note similar Al contents:
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and Anderson, 1981) and AK135-F (Kennett et al., 1995). Vertical bars are estimated uncertainties of the forward modeling at 25 GPa and
1800 K (see text).

4.0 atm% in C1 versus 4.5 in pyrolite).Figs. 11 and
12 depict this effect.

For a C1 mantle, large amounts of akimotoite in the
cold mantle between 550 and 650 km depths cause a
steep velocity rise (Fig. 11A and B), with average ve-
locity gradients about twice that predicted by the radial
average seismic earth models PREM (Dziewwonski
and Anderson, 1981) and AK135-F (Kennett et al.,
1995; Montagner and Kennett, 1995). If we take the

velocity gradients below 550 km as a baseline, these
akimotoite humps correspond to velocity increases
by about 3% forVP and 8% for VS , respectively.
As the mantle temperature increases, garnet becomes
more stable and the boundary of the akimotoite–garnet
transformation moves to deeper depths, so that in a
warm C1 mantle average velocity gradients are com-
parable with seismic models. On the other hand, veloc-
ity gradients in the hot mantle are too low compared
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and Anderson, 1981) and AK135-F (Kennett et al., 1995). Vertical bars estimated uncertainties of our modeling at 25 GPa and 1800 K.

to seismic models. Also, both cold and warm mantles
exhibit a “double-step” 660 discontinuity because the
akimotoite–perovskite transformation occurs at a shal-
lower depth than the ringwoodite breakdown. Only the
hot mantle shows a single-step discontinuity across
660 km, with steep gradients at deeper depths, due to
the large pressure range for the garnet–perovskite tran-
sition. Throughout the entire depth range examined
(500 to 800 km), all three mantle temperature mod-
els give large overall shear velocity increases, about

twice that of PREM, because of the large fraction of
the pyroxene-normative components present in C1.

In the pyrolite model, the amount of akimotoite
is about 10% along the cold mantle, producing an
increased velocity gradient below 550 km depths
(Fig. 12A). As a result, the overall velocity gradients
between 500 and 650 km are generally comparable to
those of seismic models. A noticeable “double-step”
discontinuity is also present in the cold mantle, again
owing to the akimotoite–perovskite transition before
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the ringwoodite breakdown. In the warm mantle, av-
erage velocity gradients are only half that of seismic
models. The hot pyrolite mantle has even lower ve-
locity gradients, because of growing amount of garnet
with depth (Fig. 10C).

In both mantle composition models, hot mantle
profiles show the largest velocity rise over a 20–40 km
depth in the vicinity of the 660 km discontinuity
(Figs. 11 and 12), especially for shear velocities. These
hot mantles have large amounts of garnet present
in the transition zone, their shear velocities are low
compared to seismic models, due to the low elastic
constants of garnet. Silicate perovskite, on the other
hand, has a very high shear modulus about 175 GPa
(Yeganeh-Haeri, 1994). Therefore, when garnet trans-
forms into perovskite, the magnitude of the shear mod-
ulus nearly doubles, resulting in a large jump in shear
velocity that is inconsistent with seismic observations.

Our results generally agree with those ofVacher
et al. (1998)and Akaogi et al. (2002), in that aki-
motite is present over a wide depth interval in a
cold mantle. For example, the 1000 K adiabat used
by Vacher et al. (1998)and Akaogi et al. (2002)is
about 300 K colder in the transition zone than our
cold geotherm, which indicate that akimotoite is still
the dominant phase in non-olivine components. Our
warm geotherm, on the other hand, essentially co-
incides with the 1500 K adiabat adopted byVacher
et al. (1998)and Akaogi et al. (2002). Our models
agree very well withAkaogi et al. (2002)in that no
akimotoite is present in a pyrolite mantle along the
warm geotherm. On the other hand,Vacher et al.
(1998)put the akimotoite absent temperature slightly
higher, and predicted∼10% akimotoite in the warm
pyrolite model. The difference is clearly due to the
various phase relation data adopted. Further efforts
are needed in synthesizing all available phase relation
datasets to generate thermodynamically consistent
phase diagraphs for quantitative mantle modeling.

Thermal elastic parameters in Table 1 ofWeidner
and Wang (1998)have varying uncertainties, typically
<1% for zero-pressure densities, 2–3% for bulk mod-
uli, and about 5–10% forK′

T0. Hence both densities
and bulk sound velocities are constrained to within 1–2
and 2–3%, respectively, for all the phases throughout
the pressure and temperature range studied here. The
largest uncertainties are associated with shear mod-
uli. While zero-pressure shear moduli are well con-

strained, pressure and temperature derivatives are not.
A simple error propagation analysis indicates that we
may have about±5% errors in both compression and
shear velocities at 25 GPa and 1800 K. These are indi-
cated by the vertical error bars inFigs. 11 and 12. In the
transition zone, where elastic properties are better con-
strained, uncertainties are somewhat smaller. Within
the uncertainties of this magnitude for thermoelastic
properties, in addition to uncertainties in phase relation
data, the differences in shear velocities between the
pyrolite and C1 models in the lower mantle (Figs. 11B
and 12B) may only be marginally resolved.

However, our emphasis here is not to differentiate
these models based on our current knowledge. A large
number of analyses have been carried out in the past
with different conclusions (e.g.,Jackson, 1983; Duffy
and Anderson, 1989; Ita and Stixrude, 1992; Wang
et al., 1994; Zhao and Anderson, 1994; Vacher et al.,
1998; Akaogi et al., 2002). Rather, we would like
to examine other possible diagnostic features in our
forward modeling, which may shed some lights into
understanding of seismic observations. One of such
observations is seismic tomography.

The effects of lateral temperature variations on
seismic velocities during the akimotoite–garnet phase
transformation are examined by comparing the calcu-
lated model velocity profiles along the three geotherms
and computing velocity contrasts that reflect a 200 K
lateral temperature variation. These calculations are
carried out at 2.5 km depth increments, from 500 to
800 km depths.

Fig. 13A shows dlnVS and dlnVP as a function of
depth for the C1 model. Due to the akimotoite–garnet
transformation, temperature effects are asymmetric
relative to the chosen reference geotherm. Colder
areas in a warm mantle (represented by the curve
labeled “Cold minus Warm”) are characterized by
large increase in velocities up to about 3 and 5% for
VP and VS , respectively, between 550 and 640 km
depths, whereas pure temperature effects are only
about 0.7% forVP and 1% forVS , as can be seen in
shallower depths (500–550 km). Such large velocity
increase may be misidentified as colder slab pile-
ups near the bottom of the transition zone (Weidner
and Wang, 1998). Across the 660 km discontinuity,
colder temperatures cause velocities to drop, due to
the interaction of pyroxene- and olivine-normative
components. In hotter regions (Hot minus Warm),
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Fig. 13. (A) Tomographic signature in a C1 mantle, plotted as dlnVS (dotted lines) and dlnVP (solid lines) as a function of depth. The
profiles are computed by assuming a 200 K lateral temperature variation along the warm geotherm, thus “Hot minus Warm” indicates
velocity decrease when areas of the mantle are 200 K hotter than the warm mantle, and “Cold minus Warm” shows velocity increase in
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depths in the “Cold minus Warm” plots are caused by growing akimotoite in colder areas of the mantle. Similarly, velocity decrease
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the olivine- and pyroxene-normative components. (C) Ratios of dlnρ/dlnVS , due to lateral temperature variation in a warm mantle. Same
notation as in (B). Note that the ratio is variable and increases gradually from 0.4 near 500 km to 0.7 in the lower mantle.

velocity lows due to the phase transition are more
localized (620–640 km), with smaller magnitudes
(about 1.5% forVP and 2.5% forVS). Across 660, the
phase transitions introduce very large velocity drops
up to ∼7%, which may affect seismic determination
on topology of the discontinuity.

For colder regions in a warm C1 mantle, our model
predicts a dlnVS /dlnVP ratio around 1.1 near 500 km.
The ratio rises to about 1.5 near 550 km and falls
back to about 1.1 below the 660 km discontinuity,
and remains constant in the lower mantle (Fig. 13B).
This value is only half that of seismic tomography
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observations, and is largely due to our assumed tem-
perature derivative (−0.014 GPa K−1) for the shear
modulus of perovskite.Wang and Weidner (1994)
have argued that based on seismic tomography, shear
modulus of perovskite may have stronger tempera-
ture dependence than most minerals.Karato (1993),
on the other hand, agued that anelastic effects may
play an important role. In hotter regions, the rise in
dlnVS /dlnVP due to the akimotoite–garnet transition
is also more localized, only present about 30–40 km
above and below the 660 km discontinuity.

Since a scaling ratio between shear wave veloc-
ity variation and density is often used in geodynamic
models that use seismic tomography as constraints,
we also plot the ratio dlnρ/dlnVS calculated from the
modeling.Fig. 13C shows that this ratio is variable
and sensitive to the akimotoite–garnet transition. With
colder regions present in a warm C1 mantle, the ratio
is about 0.4 near 500 km and increases to about 0.6 be-
tween 550 and 640 km, due to the akimotoite–garnet
transition. Similar increase in dlnρ/dlnVS is more lo-
calized in hotter regions.

For the pyrolite model (Fig. 14A), colder regions
in a warm mantle (Cold minus Warm) have similar
dlnVS and dlnVP signatures as in the C1 model, but
significantly smaller magnitudes between 580 and
640 km depths (1.8 and 2% forVP and VS , respec-
tively), because of smaller amount of akimotoite com-
pared to C1 (Figs. 9A, B, 10A and B). Lower mantle
variations are only about 1% (Fig. 14A). However,
hotter areas relative to a warm mantle (Hot minus
Warm) show large velocity drops throughout the tran-
sition zone.VP drops by as much as 2% andVS about
4%. This is caused by the increasing garnet fraction
in hotter areas in the transition zone (Fig. 10C). In
the immediate vicinity of 660, velocity variations
revert sign, because of the negative Clapeyron slope
and the interaction of the garnet and ringwoodite
(Fig. 10).

Colder regions in the warm pyrolite mantle result
in dlnVS /dlnVP values ranging from 1.0 to 1.3 in the
transition zone. Hotter regions give rise to much higher
dlnVS /dlnVP values, from 1.5 at 500 km to∼1.7 just
above the 660 km discontinuity (Fig. 14B). The large
spikes at 660 reflect the fact that dlnVP values are
approaching zero.

The pyrolite scaling ratio dlnρ/dlnVS varies dramat-
ically and is highly asymmetric relative to tempera-

ture fluctuations (Fig. 14C). While colder regions are
characterized by values about 0.5 throughout the tran-
sition zone, hotter areas exhibit much lower values
from 0.17 at 500 km to 0.12 just above the 660, where
it cannot be reliably determined due to complexVS

variations across the discontinuity, before adopting a
more or less constant value of 0.6 in the lower mantle.
The low dlnρ/dlnVS values in the transition zone are
again the consequence of increasing volume fraction
of garnet, whose shear modulus is about 47% lower
than that of akimotoite.

Karato (1993)first pointed out that anelastic cor-
rections may be needed when using laboratory shear
velocity data to compare with seismic models. Sub-
sequently, many geodynamic studies use a constant
correction factor throughout the mantle. Our anal-
ysis shows the importance of understanding effects
of phase transformations on lateral velocity con-
trasts. These effects can be more important, espe-
cially when the phase boundary is sub-parallel to the
geotherm, such as the akimotite-garnet transition. In
this case, lateral temperature variation regulates the
akimotoite–garnet transformation, resulting in large
velocity changes. It is the property contrast between
the two phases that dominates the lateral velocity vari-
ation; anelastic correction is of secondary importance
and may be canceled out when applied to both phases.

Finally, we explore effects of aluminum content
on lateral velocity variations. To illustrate this effect,
we compare velocity profiles of the “normal” pyrolite
(4.5 atm% Al) and C1 (4.0 atm% Al) models with
those that have Al contents 2 atm% lower (all other
major element proportions remain unchanged), along
the same three geotherms. For all three candidate
geotherms, Al-poor regions show velocity increase
relative to Al-rich regions. This can be easily under-
stood by examiningFig. 2. A decrease in Al content
results in expanded akimotoite and perovskite fields
to lower pressures. In general, lateral velocity varia-
tions are more dramatic than both pure thermal and
phase transition effects.Fig. 15A shows dlnVS and
dlnVP profiles in cold, warm, and hot C1 mantles.
In the transition zone, all three mantles have increas-
ingly larger dlnVS and dlnVP jumps from 2% and
4%, respectively in cold mantle to 8 and 14%, re-
spectively in hot mantle. The depth span decreases
from over 100 km in the cold mantle to only about
30 km in the hot mantle. At shallower depths, no
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Fig. 14. (A) Tomographic signature in a pyrolite mantle, plotted as velocity change�V/V as a function of depth (dotted lines—VS ; solid
lines—VP ). Note large velocity decreases in the “Hot minus Warm” plot, due to the disappearance of akimotoite in hotter regions. (B)
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velocity and density changes exist, because Al depen-
dence in thermoelastic parameters is assumed to be
zero.

Therefore, dlnVS /dlnVP ratios can only be calcu-
lated in regions where velocity jumps are non-zero.
All of these velocity jumps are characterized by al-
most a constant dlnVS /dlnVP ratio of 1.6, except in the
lower mantle, where varying amounts of Al affects the

garnet-perovskite transition pressure. The dlnρ/dlnVS

ratios are about 0.5 to 0.7 (Fig. 15C). Near 660, the
ratio is about 0.5.

For the pyrolite model, lateral Al content variation
in cold and warm mantles is characterized by fea-
tures similar to that in C1. The hot mantle, however,
shows large velocity changes throughout the transition
zone (Fig. 16A). The dlnVS /dlnVP values generally are
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about 2, except for the hot mantle, which has a higher
value of about 2 in the transition zone (Fig. 16B).

The dlnVS /dlnρ ratios for the cold and warm pyro-
lite mantles are about 0.6 throughout the region inves-
tigated. The hot mantle, however, has very low ratios
about 0.05, due to the large contrast in shear moduli
between akimotoite and garnet (Fig. 16C).

In summary, our analysis indicates the following:

(1) Equation of state and phase equilibrium data in-
dicate that the pyrolite model yields a slightly
better fit to the seismic velocity models than C1.
However, our current knowledge on shear prop-
erties is insufficient to exclude C1 as a candidate.
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(2) High mantle temperatures, such as the hot
geotherm presented here, are unlikely, because
interaction between the olivine- and pyroxene-
normative components causes garnet to domi-
nate above 660 km depth, thereby introducing
lower velocities in the transition zone and a

much larger velocity increase across 660 than in
the seismic models.

(3) The garnet–akimotoite phase transformation may
introduce large velocity gradients, which may be
responsible for the large velocity gradients in the
transition zone.
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(4) Akimotoite may dominate in a cold transition
zone, especially in areas near subduction zones.
This “akimotoite layer” has higher velocities than
garnet at similar depths in hotter regions of the
transition zone, producing a local velocity high
that may be misinterpreted as pile-up of sub-
ducted materials (also seeWeidner and Wang,
1998).

(5) Al content plays an important role in placing the
akimotoite–garnet phase boundary relative to the
mantle geotherm. Lateral Al variations may sig-
nificantly modulate the transition boundary.

(6) The dlnVS /dlnVP and dlnρ/dlnVS ratios do not
vary symmetrically with temperature, when
phase transitions are occurring. These ratios no
longer reflect material properties and can vary
dramatically. When effects of phase transforma-
tion dominate velocity variations, anelastic cor-
rections do not apply in evaluating these ratios.
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